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1. Introduction  Solar ultraviolet (UV) radiation causes a range of skin disorders as well as 
affecting vision and the immune system. It also inhibits development of plants and animals. 
UV radiation monitoring is used routinely in some locations in order to alert the population to 
harmful solar radiation levels. There is ongoing research to develop UV-selective-sensors [1–
3]. A personal, inexpensive and simple UV-selective-sensor would be desirable to measure 
UV intensity exposure. A prototype of such a detector has been developed and evaluated in 
our laboratory. It comprises a sealed two-electrode photoelectrochemical cell (PEC) based on 
nanocrystalline TiO2. This abundant semiconducting oxide, which is innocuous and very sta-
ble, is the subject of intense study at present due to its application in dye sensitized solar cells 
(DSSC) [4]. Since TiO2 has a wide band gap (EG = 3.0 eV for rutile and EG = 3.2 eV for 
anatase), it is inher-ently UV-selective, so that UV filters are not required. This further 
reduces the cost of the proposed photodetector in comparison with conventional silicon 
detectors. The PEC is a semiconductor–electrolyte device that generates a photovoltage when 
it is illuminated and a corresponding photocur-rent if the external circuit is closed. The device 
does not require external bias, and the short circuit current is generally a linear function of 
illumination intensity. This greatly simplifies the elec-trical circuit needed when using the 
PEC as a photodetector. DSSC technology, which is based on a PEC containing 
nanocrystalline TiO2 sensitized with a ruthenium dye, holds out the promise of solar cells that 
are significantly cheaper than traditional silicon solar cells. The UV-sensor proposed in this 
paper relies on the cre-ation of electron–hole pairs in the TiO2 by UV radiation, so that it 
would be even cheaper than a DSSC since no sensitizer dye is needed. Although TiO2 has 
been reported as a suitable material for UV sensing [3], to the best of our knowledge, the PEC 
configuration described in the present paper is a new approach. In the present study, a novel 
double-layer TiO2 structure has been investigated. Fabrication is based on a simple and 
inexpensive technique for nanostructured TiO2 deposition using microwave-activated 
chemical bath deposition (MW-CBD) that has been reported recently [5]. The highly 
transparent TiO2 (anatase) films obtained are densely packed, and they adhere very well to 
the transparent oxide (TCO) substrate [6]. These compact layers have been studied as 
contacting layers in double-layer TiO2 structures for DSSC since improvement of electron 
extraction at the TiO2–TCO interface is expected [7]. Here we compare devices incorporating 
a single mesoporous nanocrystalline TiO2 structure with devices based on a double structure 
in which a MW-CBD film is situated between the TCO and the mesoporous nanocrystalline 
TiO2 layer. Besides improving electron extraction, this film could also help to block 
recombination of electrons transferred to the TCO with oxidized species in the electrolyte, as 
has been reported in the case of DSSC for compact TiO2 films obtained by other deposition 
tech-niques [8,9]. The two types of UV-selective sensors were characterized in detail. The 
current voltage characteristics, spectral response, inten-sity dependence of short circuit 
current and response times were measured and analyzed in order to evaluate the potential of 
sealed mesoporous TiO2-based photoelectrochemical cells (PEC) as low cost personal UV-
photodetectors. 
2. Device description and working principle  A schematic lateral view of the PEC UV-sensor 
is shown in Fig. 1, and the essential part of the device is shown magnified. The device 
consists of two TCO (transparent conducting oxide) coated glass plates used as contact 
electrodes. One electrode (the anode) is coated with the TiO2 layer(s), and the other functions 
as a cathode. An electrolyte containing the I3−/I− redox couple is filled into the thin gap 
between the TCO plates and penetrates the micrometer-thick mesoporous TiO2 structure. 
Photons with energies higher than TiO2 bandgap energy (3.2 eV for anatase) are absorbed by 
the nanocrystalline TiO2, and electron–hole pairs are created. Pho-tons with lower energies 
(wavelengths longer than 410 nm) are not absorbed, and so the device responds only to the 
UV components of the solar spectrum. The holes accept electrons from the redox electrolyte 
species (I−), and the electrons are transported through the mesoporous TiO2 to the anode 
contact. The oxidized redox ions (I3−/I−) diffuse to the cathode, where they are reduced by 
electrons that have passed through the external circuit when a photocurrent flows. Due to the 
mesoporous morphology, the real area of contact between the TiO2 and the electrolyte is 
much larger than apparent device area through which light penetrates. Therefore, the active 
area of the device where electron–hole pairs are separated can be orders of magnitude (100–
1000 times) larger than geometric device area. 
 
3. Experimental part  
3.1. Fabrication of the UV-photodetector Fluorine-doped tin oxide (FTO) conducting glass 
(F:SnO2 with a sheet resistivity of 15 _/square, TEC-15 Hartford Co.) was used for both, 
photoelectrode and cathode. After cutting, the rectangu-lar pieces of conducting glasses (ca. 
20 mm × 25 mm) were cleaned thoroughly and dried in a nitrogen flow at room temperature. 
The cathode plates were lightly platinized by coating with a drop of an ethanol solution of 
K4PtCl6 followed by firing at 400 ◦C for 30 min. Two types of photoelectrodes were 
fabricated and studied: Single layer photoelectrodes consisting of a single layer of 
mesoporous TiO2 layer were prepared using Solaronix T-paste (particle diameter 13 nm) and 
the well-known “doctor blading” technique developed for DSSC [12]. Air drying of the TiO2 
layer was followed by heat treatment in air for half an hour at 450 ◦C. The TiO2 layers 
obtained were ca. 5  _m thick. The glass plates were sealed together with a thermoplastic 
‘Surlyn’ gasket. The electrolyte, which contained 0.5 M KI, 0.05 M I2 and 0.5 M tert-butyl-
pyridine in 3-methoxi pro-pionitrile, was filled through holes drilled in the cathode plate. The 
illuminated area in both types of cell was 1 cm2. For the double layer photoelectrodes, the 
mesoporous TiO2 layer was deposited by “doctor-blading” on top of the thin (typically 100 
nm) compact TiO2 film obtained by microwave-assisted chemi-cal bath deposition (MW-
CBD). The thin, dense adherent film serves as an intermediate layer contacting the conducting 
glass. The pre-cursor solution for MW-CBD deposition was freshly prepared by mixing equal 
volumes of aqueous solutions of 1.0 × 10−2 mol dm−3 (NH4)2TiF6 solution and 3.0 × 10−2 
mol dm−3 H3BO3. A beaker con-taining the solution and the conducting glass substrate was 
placed in the center of an MS-71M microwave furnace. The power used was 630 W, and the 
microwave radiation was pulsed for periods of 15 s in order to keep the solution temperature 
below 90 ◦C. The con-ditions were chosen so that TiO2 would nucleate preferentially on the 
conducting glass surface, which is heated locally by absorption of microwave radiation 
[10,11]. The thickness of nanocrystalline anatase film deposited by the MW-CBD procedure 
is in the order of 100 nm [11]. Although, in the present work, simple manual methods were 
employed to construct the sensors, it is worth noting that industrial DSSC production 
procedures could be adapted easily to fabricate UV-photodetectors; including flexible devices 
[13–16]. 
3.2. Characterization  All measurements were performed at room temperature. Short-circuit 
photocurrent excitation spectra were measured using monochromatic light provided by a 
xenon lamp coupled to a grat-ing monochromator. The incident intensity was measured with a 
calibrated UV-enhanced silicon photodiode. The external quantum efficiency for short circuit 
conditions was compared for both cell types. The short-circuit current was measured as a 
function of light intensity at 340 nm. A 100 W halogen lamp and a grating monochromator 
were used to provide 340 nm illumination (10 nm bandwidth). Neutral density filters were 
used to decrease radia-tion intensity which was measured with a calibrated Si photodiode. 
Short circuit photocurrent readings were taken with a Keithley 2001 multimeter. The short 
circuit “light-on” and “light-off” response times of the photodetectors were determined using 
an Agilent 34410A multimeter coupled to a PC to register photocurrent transients. 
Monochromatic light was provided by a grating monochromator, and a wavelength of 340 nm 
(corresponding to the maximum short-circuit photocurrent) was selected for these 
experiments. The time difference between 10% and 90% of maximum current response was 
used to define the response time. The current–voltage (I–V) characteristics of the two types of 
cell in dark environment were measured using standard equipment. The I–V curves under 
illumination were measured using a solar sim-ulator for AM (air mass) 1.5. This is the 
commonly used irradiance standard used for solar cells. It corresponds to the sun’s intensity 
when direct sun rays are incident at 48.2◦ relative to perpendicu-lar. The solar intensity for 1 
sun AM 1.5 (integrated over the whole solar spectral range) is approximately 100 mW/cm2. 
4. Results and discussion  
The spectral responses of the two types of UV-photodetector are shown in Fig. 2. Both types 
show essentially the same spectral response in the UVA and UVB range, and the responsivity 
value is similar to that of commercially available silicon photodiodes. The peak response 
occurs at ca. 340 nm, which lies in UVA range (400–315 nm). The photodetector response in 
the UVB region (315–280 nm) is weaker, but since both UVA and UVB generally appear 
together in solar irradiation, the spectral responsivity range shown in Fig. 2 is adequate to 
detect solar radiation that is dangerous for human health. The inherent UV selectivity of the 
spectral response, which is a consequence of the anatase bandgap, offers a considerable 
advantage over sensors fabricated with other semiconductors with lower bandgaps. The 
decrease in response in the high energy part (UVB) of the solar spectrum arises mainly from 
absorption losses in the conducting glass plate. 
 
 
Fig. 3 shows the external quantum efficiency spectra of the UV sensors. The external 
quantum efficiency of a commercial UV-enhanced silicon photodiode is also shown for 
comparison. In this type of device (which is more costly than a standard silicon photodi-ode), 
the UV-blue range is enhanced by using a shallow junction and adding antireflection layers. 
However the device is not a selective photodetector for the UVA-UVB range. To accomplish 
this selec-tivity, additional UV bandpass filters are required. The external quantum efficiency 
values for the titania UV sensor devices are sur-prisingly high, considering the high density of 
grain boundaries in the TiO2 film and the fact that no special clean-room condi-tions or high 
purity materials are required. Such simple preparation methods are clearly not applicable in 
the case for silicon and other UV-sensitive photodetectors [1,2]. The high quantum efficiency 
values can be explained by the porous nature of the TiO2, which allows electrolyte 
penetration. Electron–hole pairs created in the TiO2 are always close to the electrolyte in this 
three-dimensional semiconductor–electrolyte structure, in which the TiO2 nanocrys-tallites 
are only 20–30 nm in size. Due to the close proximity of the electrolyte, holes can be captured 
rapidly by the iodide ions in the electrolyte before electron–hole recombination occurs. The 
result-ing low concentration of non-equilibrium holes in the TiO2 results in long diffusion 
lengths of electrons that diffuse to the FTO anode contact. 
 
 
Dark I–V curves are shown in Fig. 4 for devices with both structure types. It is evident that 
the I–V curves resemble those of a conventional junction diode, in spite of the fact that it is 
generally accepted that there are no macroscopic electric fields present in the mesoporous 
titania devices because the elec-trolyte effectively shields the charges. This implies that there 
is no semiconductor–electrolyte junction and no drift current [7–9]. Reverse voltages were 
restricted to −0.4 V to limit the reverse cur-rent increase observed for single layer structure 
devices. 
The diode characteristics of both types of structures are sum-marized in Table 1, which shows 
values for the ideality factor n and the saturation current Io obtained by fitting the room 
temperature dark I–V characteristics (Fig. 4) to the diode equa-tion: I = Io[exp(eV/nKT) − 1]. 
The saturation current is one order of magnitude smaller for the double layer structure than 
for the sin-gle layer structure, which is consistent with the higher reverse breakdown-voltage 
values observed for the double layer struc-ture (Fig. 4). These results indicate that the 
compact MW-CBD film blocks the transfer of electrons from iodide ions in the electrolyte to 
the FTO contact. The ideality factor values greater than 1 point to the existence of electron 
transfer via surface states on the mesoporous TiO2 [17] and references therein. Fourth 
quadrant I–V curves for the illuminated PEC UV sensors are shown in Fig. 5 for AM 1.5 
irradiation (one sun). The double layer structure shows a higher open-circuit voltage. This can 
be explained, as in the cases of lower saturation current (Table 1) and higher breakdown-
voltage (Fig. 4), by the dense MW-CBD film helping to prevent electron recombination from 
the FTO with species in the electrolyte. Values for the series resistance Rs and parallel 
resistance Rp derived from the illuminated I–V curves are shown in Table 2. The one order of 
magnitude higher Rp value for the double layer indicates smaller leakage current due to the 
pres-ence of the MW-CBD film. In dye sensitized solar cells Rp values are of the order of 
103_ [18]. Leakage currents are attributed to recombination of electrons in the TiO2 with I3− 
ions in the elec-trolyte and to recombination of electrons in the conducting oxide with I3− 
ions in the electrolyte [19]. The MW-CBD film prevents the last mentioned recombination 
and a higher Rp value is obtained. 
 
 
Fig. 6 shows the dependence of the short-circuit photocurrent on incident UV-radiation 
intensity for room temperature and low level radiation intensities. Experimental points were 
fitted to a linear dependence. Correlation coefficient K for the single layer structure is K = 
0.9997 and for the double layer structure K = 0.9981. Both sensor types exhibit a linear 
response, which makes them ideal for measuring UV radiation levels. Measurements of 
photocurrent response time were performed for both sample types as described in the 
experimental part. The response times values varied between 0.3 s and 1.0 s for “light-on”, as 
well as for “light-off values”. No significant difference in the pho-tocurrent response time 
was observed between simple and double layer devices. As a consequence of electron 
trapping/detrapping in the mesoporous TiO2 layer, the response of the devices is slow 
compared with conventional solid state UV-photodetectors, but the speed is perfectly 
adequate for sensing UV-levels in solar radiation. 
 
 
5. Conclusions A novel type of low cost photo-detector based on a photo-electrochemical cell 
is reported which could be used potentially as a personal low cost device suitable to warn 
against danger-ous UV-solar radiation. The detector is inherently selective to the UVA–UVB 
spectral region and does not require optical filters, which is a significant advantage with 
respect to silicon photodiodes. It can be fabricated using simple, low-temperature technology 
which does not require clean-room conditions, so the cost will be exceptionally low. The 
spectral response and quantum efficiency maximum values compare well with those of some 
commercially available silicon photodiodes used to quantify irradiance in the UVA–UVB 
spectral range. The photodetector is based on a three-dimensional nanocrystalline TiO2–
electrolyte interface. Although the devices do not have the macroscopic electric field capable 
of separating electron–hole pairs that is present in conventional semiconductor–electrolyte 
junctions, their I–V curves are never-theless similar to that of a diode junction with an ideality 
factor between 1 and 2. The external quantum efficiency spectra of the devices show 
maximum values similar to those of commercial photodiodes. For one-sun intensity (AM 1.5), 
short-circuit pho-tocurrent values are 0.3–0.4 mA. The photocurrent depends linearly on 
radiation intensity, and the response times are 0.3–1 s; which is adequate for the intended use. 
Devices with a double layer struc-ture exhibit superior performance with lower saturation 
current, higher breakdown-voltage and higher parallel resistance (hence less leakage current). 
These differences are explained by the pres-ence of the dense thin film on top of the TCO that 
prevents recombination of electrons in the TCO with species in the elec-trolyte. 
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